An efficient method was developed to couple a diode laser to a high contrast waveguides. The laserdiodes were mounted with sub-micron precision using a thermocompression mounting technique. An AlGaAs (A 850 nm) laserdiode was coupled to a SiON based slab waveguide (efficiency ij= 25-30%) and to a Si3N4 based ridge waveguide (efficiency i = 20%) on silicon. A start has been made with the determination of the lifetime of thermocompression mounted laserdiodes. A1GaAs (,\ = 850 nm) lasers as well as A1GaInP (A = 675 nm) lasers were tested. The first results indicate that lifetimes in the range 10-30 years are possible for CW operation at 30°C. The laser-waveguide coupling technique is demonstrated in a sensor platform.
INTRODUCTION
Integrated optical components have the advantage of smallness and ruggedness. At the same time the smallness makes normal coupling to an active light source (laserdiode) very critical, especially when the laser is coupled to high contrast waveguides. High contrast waveguides are preferred because they allow for efficient coupling to the high contrast lasers, and they allow small bending radii and thus small device area. Hence one approach aims to integrate the laserdiode and the waveguide in the same material system. However there are many examples in which the components are preferably not made from the 111-V semiconductor material from which the lasers are made but from other materials such as oxides, niobates, phosphates, arsenates or others. Often, these materials have some special optical properties which makes their use desirable, such as optical non-linearity, magneto-optical effects, piezo-optic effects and others. 111-V materials also have many of these properties but the coefficients involved are usually rather small. Also interesting materials can be found in organic chemistry such as polymers which also may exhibit large optical non-linearity and high electro-optical coefficients. Hence it is obvious that some connection technology which directly connects 111-V semiconductor lasers to other materials such as the examples mentioned, will be of high technical interest.
Many different glass optical waveguides can be deposited on silicon substrate. The natural oxide of the material is very suitable as an optical buffer layer since it is transparent over a very wide wavelength range. Silicon wafers are produced in vast quantities for the electronics industry, they combine an excellent (surface) quality and strength with a relatively low price. Since silicon is the mainstay of the modern micro-electronics industry, it provides the advantages of compatibility with conventional semiconductor technology and equipment. In addition silicon has the potential to integrate vast quantities of micro-electronics and also short-wavelength photodiodes with the optical circuit . Therefore connection of semiconductor lasers to substrates with silicon integrated circuits is attractive and directly leads to functional units in which e.g. the laser current source and power stabilization, as well as the photodiode and its preamplifier can directly be integrated with the lasers. Also the fast growing micro-machining technology on silicon can give extra momentum to the field of hybrid opto-electronics on silicon.
The development of innovative micro systems for sensor applications is widely recognized as being important for a modern and competitive economy. Clear market signs point to the demand for miniaturized sensor systems for a large variety of markets like health care, safety and security, defense and process control. Obvious advantages for these systems include low weight, high reliability, low volume and power consumption. Silicon integrated optic micrc sensors can be used for the detection of (bio-)chemical substances as well as for measurement of physical quantities like distance, pressure or temperature. The work presented in this paper is part of a joint project of the TNO Physics and Electronics Laboratory and the University of Twente on silicon integrated optic micro sensors.
HYBRID LASER-WAVEGUIDE COUPLING SCHEMES
Coupling of laserdiodes to high-contrast waveguides requires a very accurate alignment between laser and waveguide. . In Tab.1 we summarize the typical influence of mis-alignment on coupling efficiency. The results indicates that we require sub-micron alignment and mounting. In the following paragraphs we review some of the methods found in literature and we end up with the method used in the laser-waveguide coupling experiments in the current paper.
Solder
Commercially available laserdiodes are normally soldered with indium or gold/tin eutectic solder on a copper or silicon submount. It is therefore natural to use similar soldering techniques for a hybrid laser-waveguide coupling. One can either pursue an active or a passive alignment process. The production costs of passive aligned laser-waveguide couplings is lower than active aligned couplings.
Disadvantages of the use of solder are related to the use of solder flux (disturbing the laser-waveguide coupling). and to the fact that sudden failure of laser operation can occur due to solder-bond 2 Among the metallurgical deteriorations observed were solder migration into the laser crystal due to current-induced local heating near the end mirror of the laser, indium whisker growth due to electromigration in indium solder, and tin whisker growth, when using gold-tin alloy as solder, due to strain relaxation.
Active
In an active alignment scheme one first optimizes the laser-waveguide coupling after which the laser is soldered. Due to the flow of the solder the alignment is degraded. Yamada et al.3 used Au-Sn solder and reached an alignment accuracy of pm.
Passive
In passive-aligned soldering one makes use of alignment structures made in the substrate. The alignment structures are aligned with the waveguide using photolithography with sub-micron resolution. The laserdiode is pressed against the alignment structures after which the laserdiode is soldered. A disadvantage of this mounting technique is that the laserchips employed must be very similar. The position of the stripe relative to the side of the laserchip must be accurate to within 1 pm. Friedrich et al. 4 have made special laserdiode structures with self-aligned cleaving grooves.
He finds a laser-waveguide alignment accuracy of pm.
A third laser-waveguide coupling technique uses the solder itself to achieve the alignment. During solder reflow a self-alignment takes place. This technique is used for flip-chip soldering and was first introduced by IBM.5 The molten solder wets only the metal pads defined by lithography. If the metal pad and laser are mis-aligned than the surface tension of the molten solder will re-align them as the energy of the assembly is minimized. The typical alignment accuracy reported in literature is again pm.6 
Glue
One could also glue a laser in front of a waveguide or glue a butt-end coupled laser with submount to the waveguide structure. The use of glue is more common for the coupling of fibers to waveguides.7 Yamada et at. reported for such a coupling an accuracy of again pm. Reliability of the adhesive especially in high-humidity environments is an important issue.
We have undertaken a butt-end coupling technique of a laser on a sub-mount to a high-contrast slab waveguide with UV curing glue. The coupling efficiency could be rather high (50 %). The biggest problem which surfaced was the mechanical stability. The coupling efficiency varied strongly as function of temperature. The variation was caused by the expansion and shrinking of the glue beneath the laser submount.
Van der Waals adhesion
A very specialized but elegant coupling technique is named epitaxial lift-off. For a review of this technology and its applications see Demeester et at. . In this scheme a GaAs laser is grown on a GaAs substrate with in between an AlAs lift-off or sacrificial layer. After fabrication of the laser the device structure layers above the AlAs are released from the GaAs substrate by using a selective AlAs etchant. The thin device structure film is than grafted on e.g. a silicon substrate in front of a waveguide. The film can be bonded to the new substrate via Van der Waals bonds. This technology is still strongly in the research stage. Problems with film stresses, bond integrity (contamination, smoothness) are topics of research.
The disadvantage of this technology is that one requires specially prepared laserdiodes which have an AlAs release layer incorporated in their structure. Furthermore the technology is thus far best developed for the GaAs material system. The residual stresses in the grafted laser film will accelerate laser degeneration. Advantages are related to the intimate contact between device film and substrate which is favorable for good thermal conduction. The device film bonded to a substrate can be thermally processed to high temperatures since no adhesives are involved.
Thermocompression
The laser-waveguide coupling used in the present study makes use of sub-micron alignment with a piezo-electric manipulator and thermocompression bonding. In thermocompression bonding no liquid materials are involved: the bond is created solely by material transport in the solid phase. The temperature during bonding is far below the melting temperature of the materials used. As a result the thickness of the bonding layers should remain constant during the process. Therefore the critical transversal alignment (0.1 pm)is achieved solely by tuning the metallization thickness, and the alignment achieved before bonding remains in theory also after bonding.
If two perfectly clean and fiat metal surfaces would be brought into contact strong metal bonds will be created. In reality surfaces are never ideal. In this case strong metal-metal bonds can only be created when the thermocompression technique is employed. The process variables: temperature, pressure and time compensates the absence of ideal surfaces. The yield strength of the bond can be as high as the strength of the individual materials. The strongest thermocompression bond is achieved between two identical materials (e.g. gold-gold) .
The thermocompression process can be divided into two stages.'° In the first stage surface roughness will be reduced due to plastic deformation under the applied pressure. This process is instantaneous and it increases the contact area between the two metal layers. In the next stage the rest of the surface roughness will disappear as a result of the applied temperature and pressure due to lateral diffusion processes and creep. These process are strongly time dependent.
Because the metal layers remain in the solid phase during the whole process the transversal alignment of laser and waveguide is almost unaltered. A gold-gold thermocompression process is attractive. The advantages of gold are that the material is soft and that it does not oxidize. Nevertheless gold also has its specific problems one should be aware off. Gold surfaces get e.g. contaminated with organic substances. If gold surfaces are exposed to air for 6 months Jellison" found with Auger spectroscopy a layer of carbon of 2 nm. These organic films are stable to minimal 250°C12 and disrupt the thermocompression process. A disadvantage of gold is that gold is not able to absorb this contamination. The solubility of carbon, oxygen and hydrogen in gold is very low. Enjyo et al. ' 3 concluded that some surface roughness was beneficial for a good thermocompression bond. He argued that the plastic deformation of the surface roughness breaks the contamination on the surface of the material.
The advantage of this coupling technique is that sub-micron alignment can be achieved. It is also versatile since almost any laserdiode can be used. A disadvantage of the technique is that it is active and that high bonding pressures are required which can be detrimental for the laserdiode lifetime.
3. EXPERIMENTAL 3.1. Method
In Fig. 1 the schematic drawing of the laser-waveguide coupling which is used in the present study is given. In a waveguide structure an anisotropic well is etched. The bottom of the well is metallized. With a home-made manipulation setup the laser is actively positioned in front of the waveguide with sub-micron accuracy. After the active alignment the laser is bonded to the substrate with thermocompression.
The top layer of the laserdiode metallization consists of gold. Therefore it was most natural to employ a gold-gold thermocompression process. The process is carried out under normal atmospheric conditions. Bonding under vacuum is however also frequently reported in literature. The vacuum partly cleans the surfaces by desorption processes. \Ve rejected vacuum bonding for practical reasons. We use a process temperature of 25O' C, a pressure of 180 bar and a bonding time of more than 10 minutes. The temperature of 2500 C is well away of the melting temperature of gold (1064°C). In normal thermocompression practice the bonding temperature is set at a temperature around 70% of the melting temperature (which is around 663°C for gold). We have used only 250°C in order to protect the laser contact metallization integrity. As a result we had to use a relatively high bonding pressure. The yield strength of gold is 230 bar.'4 Normal thermocompression practice is to use a bonding pressure of 0.05 -0.1 times the yield strength.
Laserdiodes
Two laserdiode families are used in the experiments. At first we started with 850 nm laserdiodes, since they are mass-produced, highly reliable (CD-laser application), and readily available. The laserdiodes were provided by the Opto-Electronic Center of Philips Research in bare chip form, with typical dimensions of 300 by 250 pm and a height of 100 tim. We want to use the new coupling technique in stand-alone micro-optic sensors. Therefore we also used visible laserdiodes (,\ = 675 nm) since transduction layers for chemical optical evanescent field sensors are more abundant in this wavelength region. These laserdiodes were also acquired from Philips. The exact location of the laser spot relative to the mounting surface on the epi-side is determined using the electron beam induced current (EBIC) mode of a scanning electron microscope. The values give in Tab.2 have an estimated accuracy of pm. The laser-waveguide coupling technique based on thermocompression precision mounting is not restricted to an unique laser or waveguide configuration. With regards to the optical waveguide the only requirement is that a nice straight well can be etched in the waveguide materials. This is not a trivial problem since a rather deep well of typically 3-4 pm has to be etched in a waveguide stack consisting of at least 2 (waveguide core and one type of buffer layer) and at most 4 different materials (waveguide core, two different buffer layers and substrate).
In previous reports on this laser-waveguide coupling we used a high-contrast Si02/A1203/Si02 waveguide.'5 In this paper we will describe the coupling to slab SiON based waveguides and to ridge Si3N4 based waveguides (both high-contrast) . As buffer layers we used Si02.
Our starting material is thermally oxidized silicon. The thickness of the buffer oxide is typically 1-3 pm. On top of the oxide a SiON layer (n=1.79 ( 633 urn, thickness 310 nrn) or Si3N4 layer (n=2.00 633 urn. 338 nm thickness) was deposited with chemical vapor deposition (CVD) technique. The materials were optimized for low optical loss, uniformity of refractive index and uniformity of layer thickness.'6"7 Via lithography and wet etching using buffered hydrogen-fluoride straight waveguide structures were etched in the Si3N4 (in SiON no ridge waveguides were defined). The etch depth was only a 6 nm and the width ofthe waveguide was 4 pm. After waveguide definition a cladding Si02 layer (n=1.468 633 nm, thickness 300 nm (Si3N4), 396 nm (SiON)) layer was deposited also with CVD technique.
LASER-WAVEGUIDE COUPLING 4.1. Masking and well etching
By using a sputtered chromium mask layer (thickness typical 0.3 pm) we have etched both the SiO2 and the Si3N4 or SiON layers by a RIE etch processes. The bottom of the etched well was smooth. In case of Si3N4 the etch step used for the definition of the ridge waveguides showed up in the bottom of the well. But since this step was only 6 nm it was not detrimental for the laser-waveguide coupling. The side wall of the etched well was a little rough. probably due to the grain structure of the chromium metal mask. The Si3N4 as well as the SiON guiding layer was underetched by around 300 urn for a well depth of 3 to 4 pm. This underetch negatively influences the coupling efficiency since the laser-waveguide distance increases, it can further introduce harmful reflections back into the laser. The steepness of the etched well (of about 10%) , which is present for both waveguide systems, further increases the laser-waveguide distance by an extra 0.3 pm. The total laser-waveguide distance will be more than 0.6 pm due to practical limitations.
Metallization
After the well etching the bottom of the well had to be metallized. A multi-layer metallization was deposited with e-beam evaporation technique. The top layer was gold, since we used a gold-gold thermocompression process. During metallization the side-wall of the well with waveguide had to be protected. We could either use the shadow effect which is present in the low-pressure evaporation process or we could use lift-off techniques with photo resist. Both techniques work satisfactory. 
Laser positioning and mounting
The lasers were positioned and mounted using a home-made manipulation set-up. The basic system consists of a mounting table (with vacuum chuck and heater) on top of electro-mechanically driven translation (x,y) and rotation stages and a piezo-electrically driven laser manipulator (see Fig.2 ) . The substrates with waveguides are roughly positioned with the translation/rotation stages relative to a laserdiode chip attached by vacuum to the hypodermic needle of the laser manipulator. The laser at the end of the needle can be fine positioned with three piezo crystals (x,y,z) to optimize laser-waveguide alignment. The transversal and lateral alignment of the laser (x, y piezo) is controlled by piezos with an extension of 5 pm at 1000 V. The laser-waveguide distance (z piezo) is controlled by a piezo which extends 20 p at 1000 V. The cross-talk between the different directions was better than 1:100. This was essential for good alignment. The pressure needed in the thermocompression process is applied via a membrane above the needle which is driven pneumatically. The mounting procedure is monitored by two zoom microscopes (20-150x) equipped with CCD video cameras. The microscopes are mounted under 900 and 45° relative to the mounting plane. As the CCD cameras are sensitive in the near IR region the 850 nrn laser beam when coupled in the waveguide can be traced due to light scattering in the waveguide. The fine alignment was monitored by a photodiode at the waveguide end.
Experimental results

Coupling
850 nm lasers were coupled to the SiON slab waveguides (length 12 mm). Typical coupling efficiencies were in the range 25-30%. These values were corrected for a 10% reflection loss at the waveguide end. The current-power curves of the bare laser, of the laser after optimum alignment but before bonding, and of the same laser after bonding are depicted in Fig.3 (left) .
The coupling experiments to Si3N4 ridge waveguides were more difficult. This was caused by the used ridge waveguide structure. The waveguides were defined by an etch step of only 6 nm. Only with the 45° microscope system under critical illumination conditions the waveguides can be found after some exercises. It is essential that the front side of the laser is exactly parallel with the etched well in order to minimize laser-waveguide distance. We have coupled lasers to various ridges on one and the same substrate. The coupling efficiency is typically 20%. This value has been corrected for 10% attenuation in the 10 mm long ridge and 10% reflection loss at the waveguide end. The current-power plots of a typical coupling are depicted in Fig.3 (right) . We deduced from measurements that 60% of the total power is coupled in the ridge. When we can reduce the laser-waveguide distance by a better well etching we will increase the total power coupled in the waveguide (slab+ridge) and at the same time the fraction which is coupled in the ridge increases.
The laser-waveguide coupling efficiency at the start of the thermocompression process differs with the value at the end, see Fig.3 . We observe difference in the order of
The most likely cause of these changes is a change in the alignment.
Thermal characteristics
We have also investigated the thermal stability of the laser-waveguide coupling. For this purpose we have recorded current-power curves as function of substrate temperature. In the left part of Fig.4 we have plotted for 'foard = 50 In this case a duty cycle of 5% was used. As can be seen the thermal characteristics of the coupled laserdiode is almost unaltered (-O.27%/°C). This means that the thermocompression bond is thus thermally stable.
Lifetime of mounted laserdiodes
The induced lifetime reduction of laserdiodes is among others dependent on the pressure the lasers experience during the handling/mounting process. The yield strength of GaAs is about i04 bar. Dislocations become mobile at a pressure of a few times i03 bar. During electron-hole recombination processes within the GaAs crystal dislocations become already mobile at 102 bar.'8 When this happens a fast degeneration of the laser can result. Goodwin et al. '9 found that the pressure also influences the slow laser degeneration. He found a correlation between the low degeneration speed and the maximum pressure the laser experienced during handling. Goodwin advised to keep the pressure in the active region of an Gai_AlAs laser below 100 bar. So we are in the danger zone with our bonding pressure and it is essential to test the lifetime of thermocompression bonded laserdiodes.
The laserdiodes were tested at constant current mode at elevated temperatures. There was no burn-in prescreening. The laserdiodes were mounted epi-down at the edge of metallized silicon substrates. The output power is monitored by silicon photodiode just in front of the laserdiode. Before and after laser mounting and also after wire-bonding the current-power curves of the laserdiodes were recorded and compared.
In the present study the lasers were not mounted in front of waveguides. However it is also relevant to test the lifetime oflasers coupled to Si3N4 ridge waveguides. The additional manipulation of the lasers needed for optimization of the coupling efficiency can introduce crystal defects in the laser crystal which can grow/move into the active layer and thus increase the degeneration rate. (Note that this type of accelerated degeneration is common for most of the hybrid waveguide coupling techniques as described in section .
The gradual degradation of the laserdiodes as shown in Figs.5,6 is thermally activated. The degeneration rate R is described by: R = Roexp(-Ea/kbT), where the activation energy Ea can be in the range 0.6 -1 eV for A1GaAs (850 nm) lasers.2° For the AlGaInP lasers an activation energy of 0.8 eV2' and 1.0 eV22 is reported. So degeneration can be speeded up by testing the lifetime of the laserdiodes at elevated temperatures (acceleration factor: exp(-fr( -
850 nm lasers
Two 850 nm laserdiodes are tested CW at a forward current of 29.5 mA at a temperature of 50°C at an initial output power of 9 mW. After 3 years their output intensity as monitored with a silicon photodiode has dropped to about 79%. Assuming an application in which the failure criterion is set at 10% reduction in output power than the lasers 
675 urn lasers
The 675 nm laserdiodes are tested CW at a forward current of 50 mA. Since the 675 nni laserdiodes are far more temperature dependent than the 850 nm laserdiodes we have lowered the testing temperature to 40°C. The initial output power at 40°C was 7-9 mW. To determine the mean time to failure (MTTF) of this laserdiode type we simultaneously tested 13 lasers out of the same laser badge. One of the lasers showed some saturation in optical power versus forward current ('forward > 60 mA) at the start of the test. This laser was also the fastest degenerating laser. Its output power dropped below 10% in 0.4 months. Three other lasers have also dropped in intensity below 10% (after 2.8, 5.7 and 7.8 months) while the rest of the lasers are still operating after 9.5 -12 months, as can be seen in Fig.6 . With the same failure criterion and defect activation energy as used above, the estimated lifetime at 30°C for the degenerated lasers is 1.3, 9.7, 19.3, and 26.7 months, for the remaining lasers the estimated lifetime will be longer than 32-41 months.
Analysis and discussion
Due to the larger number of tested 675 nm lasers a statistical failure analysis can be made for these types of lasers. At present the number of failed lasers is insufficient for an accurate analysis though. Normal degeneration curves can be divided into three regions: (1) burn-in period in which production failures show up (2) 
with t the time. in the shape parameter describing the region in the general degeneration curve (m 1 constant failure rate due to random failure), i the scale parameter, y location parameter (y 0 if failure is considered just after starting the test as we did). The MTTF is given by MTTF = iF(1 + 1/m). The analysis of Fig.7 gives a shape parameter of 0.48. This indicates that we have a combination of initial failure and constant failure. For the 675 nm lasers operated in constant current mode at a forward current of 50 mA (7-9 mW) at a temperature of 30°C we determined a MTTF of 30 year (assuming a defect activation energy of 1 eV) . The error margins are however large due to the low number of degenerated lasers.
All tested lasers show a gradual degeneration related to point-defects. No sudden failures due to growing dark line defects have appeared. Dark line defects starts to grow at dislocations in the laser crystal (introduced during handling or crystal growth) under influence of e-h recombination. When they reach the active region a sudden failure occurs. The absence of sudden failures indicates in case of the 850 nm lasers that the pressure used in the thermocompression process is not creating dislocations. An increased gradual degeneration can than possibly be related to residual stresses present in the laser crystal after mounting. In case of the 675 nm lasers no such conclusion can be reached, since it is reported that the presence of indium in the laser material prevents the growth of dark line defects due to dislocation pinning. 24 It therefore seems that the influence of the thermocompression process on the degeneration rate of the lasers is modest. The thermocompression method is thus a very attractive technique to couple a wide variety of laserdiodes to a wide variety of waveguides. This also means that the laser bonding technique is very suitable for the sensor applications we have in mind.
BASIC SENSOR CIRCUIT
The main application area we have in mind for our coupling technique is related to chemical and physical sensors. In a combined project with the University of Twente we have developed a hybrid electro-optic sensor platform. This sensor platform combines most of the hybridizations developed in the joint project. We recognize in Fig.8 the hybrid laser-waveguide coupling and a hybrid photodiode-waveguide coupling. 25 In the basic platform the optical waveguide circuitry are still very simple. It consists of straight ridge Si3N4 waveguides. Also electronic chips for laserdriving and amplifying/buffering the photodetector signal is noticable. The sensor platform is now in its most principal form ready for realizing very compact optical micro sensors.
CONCLUSIONS
A reliable high-precision laser coupling method has been demonstrated. The coupling method is very versatile since it is independent of laserdiode type and waveguide structure. The thermocompression mounting process has only a moderate influence on the laserdiode lifetime. Apart from sensor applications on which we are presently concentrating other application areas are within reach, like e.g. integrated erbium-doped waveguide amplifiers (here we can apply our coupling technique to couple the pump laser to the doped waveguide) or blue-laser light generation (also for coupling the pump laser but now to the non-linear waveguide).
To demonstrate the viability of the laser-waveguide coupling concept, a general platform for integrated optoelectronic sensor systems on silicon has been realized. The system has been build upon silicon substrate and incorporates a hybridly integrated semiconductor laser, photodetector, electronics and Si3N4 optical waveguides. 
